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Oxidative stress leads to impaired T cell activation. A
central integrator of T cell activation is the actin-re-
modelling protein cofilin. Cofilin is activated through
dephosphorylation at Ser3. Activated cofilin enables
actin dynamics through severing and depolymeriza-
tion of F-actin. Binding of cofilin to actin is required
for formationof the immunesynapseandTcell activa-
tion. Here, we showed that oxidatively stressed
human T cells were impaired in chemotaxis- and
costimulation-induced F-actin modulation. Although
cofilin was dephosphorylated, steady-state F-actin
levels increased under oxidative stress conditions.
Mass spectrometry revealed that cofilin itself was
a target foroxidation.Cofilinoxidation induced forma-
tion of an intramolecular disulfide bridge and loss of
its Ser3 phosphorylation. Importantly, dephosphory-
lated oxidized cofilin, although still able to bind to
F-actin, didnotmediateF-actindepolymerization. Im-
pairing actin dynamics through oxidation of cofilin
provides a molecular explanation for the T cell hypo-
responsiveness caused by oxidative stress.
INTRODUCTION
Oxidative stress, induced by reactive oxygen species (ROS),
plays a pivotal role in the induction of T cell hyporesponsiveness
in several human pathologies involving secondary immunodefi-
ciencies such as cancer (Schmielau and Finn, 2001; Schmielau
et al., 2001). Thus, production and release of hydrogen peroxide
(H2O2) by tumor-infiltrating macrophages leads to the suppres-
sion of potentially tumor-reactive T cells (Otsuji et al., 1996). Pro-
duction of ROS is therefore disadvantageous in cancer settings.
A reverse situation seems to apply to autoimmune diseases.
Here, oxygen radicals participate in controlling the development
of arthritis (autoimmunity). Thus, rodents with mutations in
a gene encoding a component of the NADPH oxidase complex
and a consequential deficiency in oxygen radical synthesis dis-
play a higher susceptibility to arthritis (Gelderman et al., 2006,
2007; Hultqvist et al., 2004; Olofsson et al., 2003). Therefore, in
autoimmune settings, production of ROS is thought to be bene-
ficial to control self-reactive T cells. Despite these dramatic404 Immunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inceffects on T cell immunity, only little is known about the molecu-
lar mechanisms by which ROS (e.g., H2O2) exert their suppres-
sive effects on T cell functions. Here we investigated whether ox-
idative stress influences the actin-remodelling activity of cofilin.
Dynamic rearrangements of the actin cytoskeleton are crucial
for proper T cell functions (Billadeau et al., 2007; Burkhardt et al.,
2008; Dustin, 2007; Samstag et al., 2003). Onemajor mediator of
actin dynamics is cofilin (Condeelis, 2001; Samstag et al., 2003).
It regulates remodelling of actin filaments by mediating both dis-
assembly of existing filaments and formation of new filaments by
the generation of free barbed ends because of its severing activ-
ity (Condeelis, 2001). The actin-remodelling function of cofilin is
induced through its dephosphorylation at Ser3. Vice versa, phos-
phorylation of cofilin, catalyzed, for example, through LIM-ki-
nases (Ikebe et al., 1997; Mizuno et al., 1994), reduces its ac-
tin-binding capacity (Moriyama et al., 1996). In untransformed
humanperipheral blood T cells, cofilin is constitutively phosphor-
ylated at Ser3. After costimulation via T cell receptor-CD3 (TCR-
CD3) plus accessory receptors (e.g., CD2 or CD28), but not after
TCR-CD3 triggering alone, cofilin undergoes dephosphorylation
(Samstag et al., 1991, 1992, 1994) and associates with the actin
cytoskeleton (Lee et al., 2000). The costimulation-induced de-
phosphorylation of cofilin ismediated via a pathway involving ac-
tivated GTPase Ras and the combined activities of the kinases
MEK and PI3K (Nebl et al., 2004; Wabnitz et al., 2006). The ac-
tin-binding activity of cofilin is crucial for T cell activation (Eibert
et al., 2004). Thus, T cell stimulation in the presence of cell-per-
meable cofilin peptide homologs that inhibit the interaction of co-
filin with the actin cytoskeleton results in impaired formation of
the immune synapse, reduced production of T helper 1 (Th1)
and Th2 cell cytokines, and reduced cell proliferation. Cofilin,
therefore, represents a central integrator of T cell activation.
In this study, we showed that oxidative stress inhibits the F-ac-
tin-remodelling activity of cofilin in untransformed human T cells,
resulting in T cell hyporesponsiveness. Thus, impairing actin dy-
namics through oxidative stress provides a molecular explana-
tion for the observed T cell hyporesponsiveness under oxidative
stress conditions.
RESULTS
Oxidative Stress Leads to an Increase in Cellular F-Actin
and Loss of Chemokine-Induced F-Actin Modulation
To handle oxidative stress, T cells express antioxidant enzymes
such as peroxiredoxin. Existence of sulfonic acid in the.
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Oxidation of Cofilin Mediates T Cell SuppressionFigure 1. Oxidative Stress Leads to an Increase in Cellular F-Actin
and Loss of Chemokine-Induced F-Actin Modulation
(A) Cells were incubated for 30 min with the indicated concentrations of H2O2.
Postnuclear lysates were analyzed by immunoblotting with a PrxSO3 antise-
rum. Subsequently, blots were stripped and reprobed with an antibody against
total peroxiredoxin I (Prx I).
(B)PBTwere treatedwith50mMH2O2 for the indicatedtimepoints.Subsequently,
cells were stained with phalloidin-FITC to label F-actin and analyzed by flow cy-
tometry. The mean fluorescence values obtained for untreated T cells in the ab-
sence ofH2O2were set as 1 and all other valueswere expressed relative to them.
Shown are the mean values ± SD of three independent experiments.
(C) PBT were treated for 30 min with 50 mM H2O2 (right) or left untreated
(left). Subsequently, cells were stimulated for the indicated time points with
100 ng/ml SDF-1a. Cells were then stained with phalloidin-FITC to label
F-actin and analyzed by flow cytometry. The mean fluorescence values ob-
tained for untreated T cells in the absence of H2O2 were set as 1 and all other
values were expressed relative to them. Shown are the mean values ± SD of
three independent experiments.
(D) PBT were treated for 30 min with 50 mM H2O2 (right) or left untreated (left)
and were then allowed to adhere to adhesion slides. After treatment with PBS
(top) or stimulation with 100 ng/ml SDF-1a for 1 min (bottom), cells were fixed,
permeabilized, stained with phalloidin-FITC, and analyzed by confocal laser
scanning microscopy.
(E) At least 150 randomly selected cells from (D) were analyzed for each con-
dition and the percentages of cells showing a polarized F-actin distribution
were determined. Shown are the mean values ± SD of three independent ex-
periments (***p < 0.001).
(F) Left: PBT were treated for 90 min with 50 mM H2O2 (right bars) or left un-
treated (left bars) and were allowed to adhere to immobilized ICAM-1 for 15
min in the absence (no stimu) or presence of 100 ng/ml SDF-1a (SDF-1a).Iperoxiredoxin molecule (peroxiredoxin-SO3H) can be taken as
indicator for cellular oxidative stress (Rabilloud et al., 2002;
Yang et al., 2002). To determine the threshold for H2O2-induced
oxidative stress in primary resting human T cells (PBT), we ex-
posed the cells for 30 min to increasing concentrations of
H2O2. Peroxiredoxin-SO3H was detected in small amounts at
10 mMH2O2 and was maximal at 50 mMH2O2 (Figure 1A). There-
fore, we used 50 mM H2O2 in all subsequent experiments to
induce oxidative stress. Note that this concentration was not
detrimental for the cells within 6 hr of exposure. Cell death
occurred only if cells were exposed to 50 mM H2O2 for a pro-
longed time period, i.e., overnight (data not shown).
Interestingly, exposure of PBT to oxidative stress resulted
in an increase in cellular steady-state F-actin over time
(Figure 1B), suggesting alterations in F-actin regulation. In line
with the assumption of altered F-actin regulation under oxidative
stress, pretreatment of PBT with 50 mM H2O2 impaired the
dynamic remodelling of the actin cytoskeleton upon triggering
of the chemokine receptor CXCR4 with SDF-1a (Figure 1C).
Although untreated cells responded with a rapid increase in
F-actin followed by a slow decrease (Figure 1C, left), H2O2-
treated cells already displayed a high F-actin content and
showed only marginal F-actin modulation upon stimulation
(Figure 1C, right). Confocal laser scanning microscopy revealed
that in the absence of H2O2, cells showed a polarized F-actin dis-
tribution upon SDF-1a stimulation (Figure 1D, lower left, and
Figure 1E). In marked contrast, H2O2-treated cells did not polar-
ize F-actin upon SDF-1a treatment (Figure 1D, lower right, and
Figure 1E), despite having a high F-actin content. Note that the
cell-surface expression of the chemokine receptor CXCR4 was
not changed upon exposure to H2O2 (data not shown).
The analysis of more complex cellular F-actin-based functions
mediated by chemokine receptors, namely adhesion and che-
motaxis, is shown in Figure 1F. Treatment of PBT with 50 mM
H2O2 strongly inhibited adhesion to immobilized ICAM-1 after
stimulation of cells with the chemokine SDF-1a (Figure 1F, left).
Moreover, directed migration across a chemokine gradient in
a transwell assay with SDF-1a in the lower compartment was
also blocked in the presence of H2O2 (Figure 1F, right). Note
that no functional effects were observed at H2O2 concentrations
below 10 mM (data not shown), which is in accordance to the ob-
served threshold for oxidative stress (see Figure 1A).
Oxidatively Stressed T Cells Are Impaired in CD3+CD28
Costimulation-Induced F-Actin Modulation
The F-actin modulation induced by CD3 plus CD28 costimula-
tion was abolished by pretreatment of PBT with H2O2. In the
absence of H2O2 (Figure 2A, left), costimulated cells responded
with a rapid increase in F-actin followed by a slow decrease
indicating dynamic rearrangements of the actin cytoskeleton.
Nonadherent cells were removed and the percentages of adherent cells
were calculated. Shown are the mean values ± SD of three independent ex-
periments. Right: PBT were treated for 60 min with 50 mM H2O2 (right bars)
or left untreated (left bars) and were then allowed to migrate across transwell
inserts for 2 hr in the absence (no stimu) or presence of 100 ng/ml SDF-1a
(SDF-1a) in the lower compartments. The numbers of migrated cells were de-
termined. The values obtained for untreated T cells in the absence of H2O2
were set as 100 and all other values were expressed relative to them. Shown
are the mean values ± SD of three independent experiments.mmunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inc. 405
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Oxidation of Cofilin Mediates T Cell SuppressionFigure 2. Oxidatively Stressed T Cells Are Impaired in
CD3+CD28 Costimulation-Induced F-Actin Modula-
tion
(A) PBT were treated for 30 min with 50 mM H2O2 (right) or left
untreated (left). Subsequently, cells were costimulated for the
indicated time points via CD3+CD28 antibodies. Cells were
then stained with phalloidin-FITC to label F-actin and analyzed
by flow cytometry.
(B) PBT were treated for 30 min with 50 mM H2O2 (right bar) or
left untreated (left bar). Subsequently, cells were costimulated
for 6 hr via CD3+CD28 antibodies. Cells were then stainedwith
a FITC-conjugated CD69 antibody and analyzed by flow cy-
tometry.
(C) PBT (T) were mixed 1:2 with superantigen loaded Raji B
cells (B) and incubated for 45 min in the absence (top) or pres-
ence (bottom) of 50 mMH2O2 to allow formation of the immune
synapse. Subsequently, cells were fixed, permeabilized, and
stained for CD3 (red), LFA-1 (green), and cofilin (blue). Digi-
tized x-y images were generated with a confocal laser-scan-
ning microscope and then overlaid (merge).
(D) At least 100 randomly selected T cell-APC conjugates per
condition were analyzed and the percentages of conjugates
showing an enrichment of the respective proteins within the
contact zone were determined. Shown are the mean values ±
SE of three independent experiments (**p < 0.01, * p < 0.05,
n.s. = not significant).In marked contrast, H2O2-treated cells already displayed a high
F-actin content and showed only little F-actin modulation upon
costimulation (Figure 2A, right). Functionally, H2O2 treatment re-
sulted in impaired T cell activation as measured by expression of
the early T cell activation marker CD69 (Figure 2B).
T cell activation includes formation of an ordered contact zone
(immunesynapse [IS]) betweenaTcell andanantigen-presenting
cell (APC). In this contact zone, the TCR-CD3-complex enriches
in the central part named cSMAC (central supramolecular activa-
tion cluster), whereas the adhesionmolecule LFA-1 is recruited to
the pSMAC (peripheral supramolecular activation cluster) (Gra-
koui et al., 1999). We have shown that the actin-remodelling pro-
tein cofilin localizes to the IS and that the binding of cofilin to actin
is necessary for proper IS formation (Eibert et al., 2004). To ana-
lyze the influence of oxidative stress on the formationof the IS,we
exposed PBT to superantigen-loaded Raji B cells as APCs. In the
absenceofH2O2, the TCR-CD3-complex, cofilin, andLFA-1were
recruited to the IS (Figure 2C, top), as expected. After pretreat-
ment of T cells with 50 mM H2O2, the TCR-CD3 complex was
recruited properly to the center of the IS (cSMAC). Inmarked con-
trast, relocalization of cofilin and the pSMACmarker LFA-1 to the
ISwasmarkedly reduced (Figure2C,bottom, andFigure2D). This
indicates that oxidative stress preferentially influences costimu-
lation-related processes rather than TCR-CD3. Note that syn-
apse diameters were not affected (Figure S1A available online).
However, there was a small but significant reduction in the num-
ber of T cell-APC couples in the presence of H2O2 (Figure S1B).
Taken together, these data show that exposure of PBT to
oxidative stress leads to impaired F-actin dynamics resulting in
disturbed formation of the IS and T cell activation as well as
loss of chemokine-induced T cell motility.406 Immunity 29, 404–413, September 19, 2008 ª2008 Elsevier IncOxidative Stress Leads to Dephosphorylation
of the Actin-Remodelling Protein Cofilin
Activation of T cells (e.g., through CD3+CD28 costimulation) in-
duces dephosphorylation of cofilin at Ser3 (Lee et al., 2000),
which enables dynamic remodelling of the actin cytoskeleton.
Because of the observed lack of actin dynamics in oxidatively
stressed T cells (Figures 1 and 2), it was tempting to speculate
that oxidative stressmay inhibit activation-induced dephosphor-
ylation of cofilin. To investigate this point, PBT were exposed for
30 min to 50 mM H2O2 before they were costimulated via
CD3+CD28. Instead of inhibiting cofilin dephosphorylation, ex-
posure to oxidative stress potentiated CD3+CD28-induced cofi-
lin dephosphorylation (Figure 3A). Further, treatment of cells with
50 mM H2O2 alone induced cofilin dephosphorylation over time
(Figure 3B). Note that lower H2O2 concentrations (in the range
of 1 to 10 mM), which did not induce substantial oxidative stress
(see Figure 1A), did not lead to cofilin dephosphorylation. Inter-
estingly, as opposed to costimulation-induced cofilin dephos-
phorylation (Wabnitz et al., 2006), H2O2-induced dephosphoryla-
tion of cofilin was independent of the activity of Ras (Figure S2),
MEK, and PI3K (Figure S3). Thus, H2O2-induced oxidative stress
alters the phosphorylation state of cofilin in primary resting hu-
man T cells via a different signaling pathway than costimulation.
Granulocyte-Generated Hydrogen Peroxide Leads
to an Increase in Cellular F-Actin despite
Dephosphorylation of Cofilin
Activated granulocytes (PMN) and PMN-generated H2O2 are
major contributors to a systemic T cell suppression in advanced
cancer patients (Schmielau and Finn, 2001). Thus, we investi-
gated whether PMN-generated H2O2would influence the F-actin.
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tion of the Actin-Remodelling Protein Cofilin
(A) Left: PBT were either left untreated or incubated for 30 min
with 50 mM of H2O2 as indicated. Afterwards, PBT were costi-
mulated by CD3+CD28 antibodies for 45 min. The phosphor-
ylation state of cofilin in cell lysates was determined through
immunoblot analysis with an antiserum specific for the Ser3-
phosphorylated form of cofilin (P-cofilin). Blots were then
stripped and reprobed with an antiserum that recognizes
both phosphorylated as well as nonphosphorylated cofilin
(total cofilin). Right: Immunoblot signals for P-cofilin and cofilin
were quantified by densitometry, and the phosphorylation
indices of cofilin were calculated. The figure shows the
mean values ± SE from three independent experiments.
(B) Left: PBT were incubated for 0, 30, or 120 min with the
indicated concentrations of H2O2. The phosphorylation state
of cofilin in cell lysates was determined as described above.
Right: Immunoblot signals for P-cofilin and cofilin were quan-
tified by densitometry, and the phosphorylation indices of
cofilin were calculated. The figure shows the mean values ±
SD from four independent experiments.
(C) PMN were either left untreated (none) or stimulated with
fMLP (fMLP) in the absence or presence of catalase as indi-
cated. PMNwere removed by centrifugation and the superna-
tant was added to PBT derived from the same donor. After
incubation of PBT with the PMN supernatant for 60 min, PBT
were used for analysis. Left: PBT were stained with phalloi-
din-FITC to label F-actin and analyzed by flow cytometry.
The mean fluorescence values obtained for PBT incubated
with the supernatant of untreated PMN were set as 1 and all
other values were expressed relative to them. The figure
shows the mean values ± SE from three independent experi-
ments. Middle: The phosphorylation state of cofilin in cell
lysates was determined through immunoblot analysis (small
insert). Immunoblot signals for P-cofilin and cofilin were quan-
tified by densitometry, and the phosphorylation indices of cofilin were calculated. The values obtained for PBT incubated with the supernatant of untreated PMN
were set as 1 and all other values were expressed relative to them. The figure shows the mean values ± SE from three independent experiments. Right: PBT were
allowed to migrate for 2 hr across transwell inserts in the absence or presence of 100 ng/ml SDF-1a in the lower compartments as indicated. The percentages of
migrated cells were determined. The values obtained for T cells incubated the supernatant of untreated PMNwere set as 100 and all other values were expressed
relative to them. The figure shows the mean values ± SE from three independent experiments.content and the cofilin phosphorylation state in PBT in the same
way as exogenously added H2O2. To this end, purified PMN from
healthy donor blood were activated with f-Met-Leu-Phe (fMLP)
to induce the oxidative burst. In order to avoid effects caused
by direct contact between PMN and PBT, and to analyze cofilin
dephosphorylation specifically in PBT, PMN were removed by
centrifugation and the PMN supernatant was added to PBT de-
rived from the same donor. Indeed, the H2O2-containing super-
natant of fMLP-treated PMN led to an increase in PBT steady-
state F-actin and dephosphorylation of cofilin (Figure 3C, left
and middle). Functionally, impaired chemotaxis toward SDF-1a
was observed (Figure 3C, right). Note that incubation of PBT
with fMLP alone had no effect (data not shown). Importantly,
the addition of catalase prevented the increase of F-actin and
the dephosphorylation of cofilin almost completely and restored
chemotaxis (Figure 3C). This shows that it is PMN-generated
H2O2 that causes the immunosuppressive effects on T cells.
Oxidative Stress Leads to Formation of an
Intramolecular Disulfide Bridge within the
Cofilin Molecule
Despite inducing cofilin dephosphorylation, oxidative stress re-
sulted in an increase in steady-state F-actin and loss of dynamicIactin rearrangements after cell-surface receptor triggering. Di-
rectmodification of cofilin through oxidation resulting in a change
of its actin-remodelling function might provide an explanation for
this effect. The cofilin molecule contains four cysteine residues,
Cys39, Cys80, Cys139, and Cys147, which are potential targets
for oxidation byROS such asH2O2. To analyzewhether exposure
to H2O2 may lead to direct oxidation of cofilin, we incubated pu-
rified humancofilinwithout orwithH2O2 for 90min andperformed
electrospray mass spectrometry. For untreated cofilin, a major
species with a molecular mass of 18370 (corresponding to com-
pletely reduced cofilin), and in addition a minor species with
a mass of 18402 (attachment of two oxygen atoms [+32]), were
detected (Figure 4A, left, and Table 1). After H2O2 treatment,
a major cofilin species with amass of 18415 (attachment of three
oxygen atoms [+48] and simultaneous loss of 3 hydrogen atoms
[3]) wasdetected (oxidized cofilin, Figure 4A, right, and Table 1).
In addition, minor cofilin species with masses of 18370 (reduced
cofilin) and 18399 (attachment of two oxygen atoms [+32] and
simultaneous loss of 3 hydrogen atoms [3]) were found.
The loss of hydrogen atoms from the cofilin molecule upon
oxidation may be explained by formation of an intramolecular
disulfide bridge. To identify the oxidized residues, Lys-C digests of
untreatedandH2O2-treatedcofilinwereanalyzedbymatrix-assistedmmunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inc. 407
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2). In the untreated sample, all four cysteine-containing Lys-C-
generated peptides of cofilin were detected. Interestingly, a pep-
tide containing dioxidized Cys139 (Cys-SO2H) was also found. In
contrast, in the H2O2-treated sample, only a trioxidized Cys139
(Cys-SO3H) containing peptide was detected, whereas the
Cys39-, Cys80-, and Cys147-containing peptides were not de-
tected at all. Given that under oxidative conditions only three ox-
ygen atoms were attached to the cofilin molecule (as described
above; see Figure 4A and Table 1), we conclude that attachment
of oxygen to the cofilin molecule occurs exclusively at Cys139.
Formation of sulfonic acid (Cys-SO3H) upon H2O2 treatment
may account for the loss of one (of the three) hydrogen atom un-
der oxidative conditions, because this very strong acid (pKa =
2.6) is likely to exist in its deprotonated form. Importantly, oxi-
dation of Cys139 to sulfonic acid (Cys-SO3H) prevents participa-
tion of Cys139 in disulfide-bridge formation. The absence of the
Cys39-, Cys80-, and Cys147-containing peptides in the oxidized
sample suggests disulfide bridge formation between either
Cys39 and Cys80, Cys39 and Cys147, or Cys80 and Cys147,
which would explain the loss of the other two (of the three) hydro-
gen atoms under oxidative conditions (Figure 4A and Table 1).
Given that in the folded cofilin molecule (see Figure S4) Cys39
and Cys80 are not in close enough vicinity to Cys147 to allow for-
mation of a disulfide bridge, the most likely disulfide bridge to be
formed under oxidative conditions is between Cys39 and Cys80.
Formation of an intramolecular disulfide bridge usually leads to
a conformational change of the respective molecule. Indeed,
H2O2-exposed (oxidized) cofilin of primary resting human
T cells showed a different migration pattern during nonreducing
SDS-PAGE when compared with cofilin derived from nonoxida-
tive conditions (Figure 4B, left). Moreover, this H2O2-induced
conformational change could be completely reversed by the ad-
dition of the reducing agent DTT to the sample before SDS-PAGE
(Figure 4B, right). Given that DTT is a disulfide bridge-breaking
agent, these data substantiate the assumption that H2O2 induces
formation of an intramolecular disulfide bridge. This notion was
further supported by the finding that the disulfide bridge-induc-
ing agent diamide induced a similar conformational change of
cofilin as observed after H2O2 treatment (data not shown).
Figure 4. Oxidative Stress Leads to Formation of an
Intramolecular Disulfide Bridge in the Cofilin Molecule
(A) Cofilin was either left untreated or was incubated with
50 mM H2O2 for 90 min and then subjected to electrospray
mass spectrometry. Shown are the detected mass values
for untreated (left) and H2O2-treated cofilin (right).
(B) Endogenous untreated (w/o) or H2O2-treated (H2O2) cofilin
of resting human T cells (PBT) was analyzed either by nonre-
ducing SDS-PAGE (left, DTT) or by reducing SDS-PAGE
(right, +DTT), followed by immunoblotting with an antiserum
that recognizes total cofilin. Shown is one representative ex-
periment out of two.
Table 1. Mass Spectrometry of Cofilin: Detected Masses
No Treatment H2O2
18370 18370
18402 (+32) 18399 (+29)
18415 (+45)
ESI-MS mass spectrometry of cofilin. Cofilin was either left untreated (no
treatment) or incubated with hydrogen peroxide (H2O2) and subsequently
submitted to ESI-MS. Shown are the detected masses (bold: main de-
tected species in the respective sample).
Oxidation of Cofilin Prevents Its Ser3
Phosphorylation by LIM Kinase
A change in the conformation of cofilin upon oxida-
tion could account for the observed loss of Ser3
phosphorylation upon treatment of human T cells
with H2O2 (see Figure 3B), because oxidized cofilin might be
a weaker substrate for a kinase. To investigate this point, we pre-
incubated recombinant, nonphosphorylated human cofilin in an
H2O2-containing buffer (oxidized cofilin) or control buffer
(nonoxidized cofilin). Subsequently, an in vitro kinase assay
was performed employing recombinant active human LIM
kinase. Although nonoxidized cofilin was rapidly phosphorylated
by LIM kinase, oxidized cofilin was only weakly phosphorylated
(Figure 5A). Thus, reduced phosphorylation by LIM kinase as
a consequence of cofilin oxidation provides an explanation for
the loss of phosphorylated cofilin upon H2O2 treatment of resting
human T cells.
Oxidized Cofilin Binds to F-Actin but Fails to Induce
F-Actin Depolymerization
Oxidative stress leads to disturbed actin dynamics after costi-
mulation or chemokine treatment of human T cells (compare Fig-
ures 1 and 2). To investigate whether the F-actin-remodelling
function of cofilin is altered under oxidative conditions, we
performed F-actin sedimentation assays (Moriyama et al.,
1996; Yonezawa et al., 1985, 1990). To this end, G-actin was
polymerized to F-actin, incubated with nonoxidized or oxidized
cofilin, and then subjected to high-speed centrifugation. After
high-speed centrifugation, F-actin was found in the pellet frac-
tion (P), whereas G-actin was found in the supernatant (S). If non-
oxidized cofilin (cofilinred.) was added to F-actin before centrifu-
gation, the amount of total actin in the pellet fraction decreased
from 74% ± 5% of total actin to 41% ± 3% because of the depo-
lymerizing activity of cofilin. In marked contrast, if cofilin was408 Immunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inc.
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Residues Cysteine Peptide Sequence No Treatment H2O2
35–44 C39 AVLFCLSEDK AVLFCLSEDK n.d.
79–92 C80 DCRYALYDATYETK DCRYALYDATYETK n.d.
133–144 C139 HELQANCYEEVK HELQANCYEEVK;HELQANC(SO2H)YEEVK HELQANC(SO3H)YEEVK
145–152 C147 DRCTLAEK DRCTLAEK n.d.
MADLI-TOF-MS/MS mass spectrometry of Lys-C digests of cofilin under normal (no treatment) or oxidizing (H2O2) conditions. The sequence of the
identified Lys-C generated cysteine containing peptides is depicted for each condition. Corresponding oxidized peptides were only detected for
C139. n.d., not detected.oxidized before addition to F-actin (cofilinoxid.), 82%± 3%of total
actin were found in the pellet fraction (Figures 5B and 5C). This
demonstrates that oxidized cofilin does not induce F-actin depo-
lymerization. Yet, it still binds to F-actin. Thus, the amount of ox-
idized cofilin sedimenting to the pellet increased from 19% ± 6%
to 48% ± 5%, if F-actin was added prior to centrifugation (Fig-
ures 5B and 5C). These findings provide a molecular explanation
for the observed increase in the steady-state F-actin content of
cells cultured under oxidative conditions and the concomitant
loss of F-actin modulation after triggering of cell-surface recep-
tors (see Figures 1, 2, and 3C).
Cysteine 39 and Cysteine 80 Are Critical Positions
with Regard to Cofilin Regulation and Function
The experiments shown in Figure 4 and Tables 1 and 2 sug-
gested formation of an intramolecular disulfide bridge between
Cys39 and Cys80 of cofilin. To further define the cysteines in-
volved in the oxidation-induced change of cofilin function, we ex-
pressed cDNA constructs containing point mutations for each of
the four cysteinesof thecofilinmolecule (C39G-,C80G-,C139G-,
and C147G-cofilin) in human T cells. Lysates of transfected
cells were then analyzed by nonreducing SDS-PAGE. Indeed,
C39G-cofilin as well as C80G-cofilin showed a migration pattern
different from that of wild-type (WT)-cofilin during nonreducing
SDS-PAGE (Figure 6A), with the migration pattern of C39G-cofi-
lin resembling closely that of H2O2-oxidized cofilin (see
Figure 4B). In contrast, the migration pattern of C139G- and
C147G-cofilin was not different from that of WT-cofilin
(Figure 6A). Thus, mutation of Cys39 or Cys80 to Gly induced
a similar conformational change of the cofilin molecule as
observed after H2O2 treatment. This finding substantiates the
assumption that Cys39 and Cys80 are the critical positions for
disulfide bridge formation within cofilin. Further support for this
notion comes from the analysis of the phosphorylation states
of the different cofilin cysteine mutants upon expression in
T cells (Figure 6B). Thus, in living cells, C39G-cofilin was only
weakly phosphorylated and C80G-cofilin was not phosphory-
lated at all. In contrast, WT-cofilin, C139G-cofilin, and C147G-
cofilin were equally phosphorylated. Thus, Cys39 and Cys80
are critical positions within the cofilin molecule with regard to
its conformation and Ser3 phosphorylation.
To analyze the actin depolymerization activity of the cysteine
mutants of cofilin and their influence on costimulation-induced
CD69 upregulation, we performed an siRNA-mediated knock-
down of endogenous cofilin in human T cells and afterwards re-
transfected these cells with cDNA constructs encoding for either
WT-cofilin or for cysteine mutants of cofilin. Given that the cofilinIsiRNA is targeted to the 30 UTR of the cofilin mRNA, the cDNA-
encoded cofilin was not targeted by the siRNA, allowing its ex-
pression in cofilin knockdown cells. Treatment of cells with the
cofilin-specific siRNA led to a more than 90% reduction of cofilin
levels as determined by immunoblotting (Figure 6C). As ex-
pected, knockdown of the actin-depolymerizing protein cofilin
increased the steady-state F-actin content of the cells
(Figure 6D). Retransfection of cofilin knockdown cells with WT-
cofilin, or with C139G- or C147G-cofilin, restored this situation.
Thus, F-actin amounts were reduced close to those of mock or
control siRNA-transfected cells (Figure 6D). In marked contrast,
retransfection with C39G-cofilin did not lead to a reduction of
F-actin, demonstrating that mutation of cofilin at Cys39 disturbs
the actin-depolymerizing activity of cofilin. In line with these find-
ings, knockdown of cofilin impaired costimulation-induced T cell
activation as demonstrated by reduced expression of the T cell
activation marker CD69 (Figure 6E). Retransfection with WT-co-
filin restored CD69 upregulation, whereas retransfection with
C39G-cofilin did not (Figure 6E). These data show that mutation
of cofilin at Cys39 to Gly induces the same phenotype as H2O2-
mediated oxidation of cofilin, which eventually leads to T cell
hyporesponsiveness. Note that under these experimental condi-
tions, C80G-cofilin could not be analyzed because of its very low
expression level.
In summary, our data provide evidence that H2O2-mediated
oxidative stress results in oxidation of cofilin and in formation
of an intramolecular disulfide bridge. As a consequence, cofilin
loses its F-actin-depolymerizing activity. Given that cofilin is
the key regulator of costimulation-induced actin dynamics, an
impairment of this function through oxidation of cofilin provides
a molecular explanation for the fact that oxidative stress leads
to T cell hyporesponsiveness.
DISCUSSION
Oxidative stress plays a role in the induction of T cell hypores-
ponsiveness in several human pathologies. In many cases, the
ROS species mediating the immunosuppressive effects is
H2O2. For example, granulocyte-derived H2O2 in the circulation
is discussed to be the underlying mechanism of T cell suppres-
sion in advanced cancer patients (Schmielau and Finn, 2001;
Schmielau et al., 2001). Moreover, release of H2O2 by tumor-in-
flitrating macrophages leads to inactivation of tumor-specific
T cells (Otsuji et al., 1996). However, little is known about themo-
lecular mechanisms by which H2O2 exerts its suppressive ef-
fects on T cells. Here we provide evidence that oxidation of the
actin-remodelling protein cofilin, which is a central integrator ofmmunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inc. 409
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T cell hyporesponsiveness.
Mechanistically, treatment of cofilin with H2O2 leads to forma-
tion of an intramolecular disulfide bridge between Cys39 and
Cys80 and to a subsequent conformational change as shown
by mass spectrometry and nonreducing and reducing SDS-
PAGE. Interestingly, Cys39 and Cys80 are the only cysteines
Figure 5. Oxidation of Cofilin Prevents Its Ser3 Phosphorylation by
LIM Kinase and Inhibits Its F-Actin Depolymerizing Activity
(A) Human recombinant cofilin was preincubated with either 1 mM DTT
(cofilinred.) or 50 mM H2O2 (cofilinoxid.) for 30 min and subsequently treated
with recombinant active LIM-kinase in the presence of Mg-ATP for the indi-
cated time points. The phosphorylation state of cofilin was determined through
immunoblot analysis.
(B) Human recombinant cofilin was preincubated with either 1 mM DTT (cofi-
linred.) or 50 mM H2O2 (cofilinoxid.) for 30 min and subsequently incubated
with equimolar amounts of F-actin for 30 min (F-actin + cofilin). As controls,
F-actin and cofilin were incubated alone. F-actin and F-actin-bound cofilin
were pelleted by centrifugation and the amounts of actin and cofilin in the su-
pernatants (S) and the pellet fractions (P) were analyzed by SDS-PAGE
followed by staining with Coomassie blue dye and densitometry. Shown are
the Coomassie blue-stained gels of one representative experiment out of
three.
(C) Quantification of actin in the pellets (left) and cofilin in the pellets (right) by
densitometry. The figure shows the means ± SD from three independent
experiments.410 Immunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inc.of cofilin that are conserved within vertebrates (Bowman et al.,
2000). Under normal conditions, activated and dephosphory-
lated cofilin enables dynamic remodelling of the F-actin cyto-
skeleton by mediating both disassembly of existing actin
filaments and formation of new filaments by the generation of
free barbed ends because of its severing activity (Condeelis,
2001). One of the key findings of our study is that oxidized de-
phosphorylated cofilin, although still able to bind to F-actin,
does not promote F-actin depolymerization. This shifts the bal-
ance toward F-actin formation, which leads to an increase in cel-
lular steady-state F-actin. Moreover, because of the loss of the
F-actin-depolymerizing activity of cofilin in oxidatively stressed
cells, F-actin is not modulated any more in response to external
stimuli, as, for example, CD3+CD28 costimulation or chemokine
receptor triggering. This finding may explain the incomplete
formation of the immune synapse, reduced expression of T cell
activation markers, reduced cell adhesion, and impaired chemo-
taxis under oxidative stress conditions, because for all of these
functions, modulation of the actin cytoskeleton is the underlying
process.
Activated granulocytes and granulocyte-generated H2O2 are
major contributors to a systemic T cell suppression in advanced
cancer patients (Schmielau and Finn, 2001). Therefore, oxidation
of cofilin by hydrogen peroxidemay be key for the T cell hypores-
ponsiveness observed in cancer settings. Besides that, it may
also contribute to T cell silencing in situations,where a physiolog-
ical unresponsiveness of T cells to antigen exposure in tissues is
required. One example is the gut, where T cells need to tolerate
food antigens. Here, a prooxidativemilieu is responsible for T cell
hyporesponsiveness (Pirzer et al., 1990; Qiao et al., 1993). This
prooxidative microenvironment is not achieved because of the
presence of exogenous ROS, but it is the consequence of the in-
ability of gut monocytes to take up cystine and to secrete cyste-
ine (Sido et al., 2000). Cysteine is necessary for the synthesis of
the antioxidant glutathione (GSH). Because T cells depend on an
exogenous supply of cysteine, GSH amounts in intestinal T cells
drop. Thus, intestinal T cells have less than 50% of the glutathi-
one content of peripheral blood T cells (Sido et al., 2008) and are
therefore muchmore sensitive to oxidation. Given that TCR-CD3
triggering leads to activation of a phagocyte type NADPH
oxidase (Jackson et al., 2004), it is tempting to speculate that
in intestinal T cells—but not in peripheral blood T cells—the
NADPH oxidase produced endogenous H2O2 leads to T cell
silencing via oxidation of cofilin. This might represent one mech-
anism by which T cell nonreactivity toward foreign food antigens
is maintained.
Oxidation of cofilin, therefore, might not only provide a molec-
ular explanation for T cell hyporesponsiveness observed during
oxidative stress in pathological settings (e.g., cancer), but might
also explain the physiological hyporesponsiveness of T cells in
certain tissues where constant antigen exposure appears, as
for example, in the gut. Finally, in autoimmune settings, e.g.,
arthritis, it is thought that production of ROS would be beneficial
to control self-reactive T cells (Gelderman et al., 2006, 2007;
Hultqvist et al., 2004; Olofsson et al., 2003). Therefore, it is
tempting to speculate that in autoimmune diseases, a lack of
ROSmay prevent the physiologically necessary control or down-
regulation of T cell activation resulting from a lack of cofilin
oxidation.
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Cells
Human PBMCwere obtained by Ficoll-Hypaque (Linaris, Wertheim-Bettingen,
Germany) density gradient centrifugation of heparinized blood from healthy
volunteers upon approval by the local ethics committee. Resting human
T cells (PBT) were purified with negative magnetic bead selection with the
Pan T Cell Isolation Kit (Miltenyi Biotech, Bergisch Gladbach, Germany) ac-
cording to the manufacturer’s instructions. Granulocytes were purified with
dextran sedimentation as described (Schmielau and Finn, 2001). The human
T lymphoma cell line Jurkat (clone 15g8) was grown in RPMI1640 medium
containing 10% FCS at 37C and 5% CO2.
Granulocytes and T Cell Coculture Assays
T cells and granulocytes (PMNs) were purified from the same donor as de-
scribed above. Coculture assays were essentially done as described (Schmie-
lau and Finn, 2001) with some minor modifications. In brief, PMNs (4 3 106)
were either left untreated or activated with 10 mM fMLP in the absence or pres-
ence of 5000 U/ml catalase for 20 min at 37C. Afterwards, PMNs were
removed by centrifugation at 1000 3 g for 5 min and the supernatant was
saved. T cells (2 3 106) were then incubated with this supernatant for 60 min
at 37C and subsequently analyzed.
Determination of the Phosphorylation State of Cofilin
The phosphorylation state of cofilin was determined as described (Nebl et al.,
2004; Wabnitz et al., 2006). In brief, cells were lysed in Laemmli sample buffer,
sheared, and subjected to SDS-PAGE and immunoblotting. To determine the
relative proportion of phosphorylated cofilin, blots were first stained with
a phospho-Ser3-specific antiserum (Cell Signaling), stripped, and then re-
probed with a cofilin antiserum that detects all forms of cofilin (produced in
our laboratory). Signals were quantified by densitometry and the quotient of
the signal intensities from phosphorylated versus total cofilin was calculated
for each sample. It was set at 1 under control conditions and all other values
were calculated as multitudes (phosphorylation index).
In Vitro Kinase Assay
For in vitro phosphorylation of reduced or oxidized cofilin, human recombinant
cofilin 1 (5 mg/ml; Cytoskeleton) was incubated either with 1 mM DTT or with
50 mM H2O2 for 30 min at room temperature. The in vitro kinase reaction mix
contained 13 ml of enzyme dilution buffer (50 mM Tris-Cl [pH 7.5], 1 mM
EGTA, 0.03%Brij-35), 1 ml (5 mg) reduced or oxidized cofilin, 1 ml (300 ng) active
Lim-Kinase-1 (Upstate), and 5 ml of ATP-mix (20 mM MOPS [pH 7.2], 25 mM
b-glycerophosphate, 5 mM EGTA, 1 mM Na3VO4, 75 mM MgCl2, 0.5 mM
ATP). Phosphorylation was carried out for the indicated time points at 30C.
Aliquots were analyzed by SDS-PAGE and immunoblotting with a phospho-
Ser3-cofilin antiserum. Afterwards, blotswere stripped and reprobedwith a co-
filin antiserum that recognizes all forms of cofilin.
F-Actin Sedimentation and Depolymerization Assay
The F-actin sedimentation and depolymerization assaywas done as described
(Moriyama et al., 1996; Yonezawa et al., 1985, 1990). In brief, bovine actin
(Sigma) was resuspended in general actin buffer (5 mM Tris-Cl [pH 8.0],
Figure 6. Cysteine 39 and Cysteine 80 Are Critical Positions
with Regard to Cofilin Regulation and Function
(A) Postnuclear lysates of Jurkat T cells expressing either FLAG-
tagged WT-cofilin or cysteine-to-glycine mutants of cofilin (C39G,
C80G, C139G, and C147G) were analyzed by reducing (top) or nonre-
ducing (bottom) SDS-PAGE followed by immunoblotting with a mono-
clonal FLAG antibody. Note that expression of C80G-cofilin was weak
and that more cells were loaded to detect its expression.
(B) The phosphorylation states of FLAG-tagged WT-cofilin and cyste-
ine-to-glycine mutants of cofilin were analyzed by immunoblotting
with a p-Ser3-specific cofilin antiserum (P-cofilin-FLAG, P-cofilin).
The blots were then stripped and reprobed with a monoclonal FLAG
antibody (cofilin-FLAG). The graph shows the phosphorylation indices
of the different cofilin-FLAG proteins. Shown are the mean values of
three independent experiments ± SE.
(C) Jurkat T cells were transfected with either no siRNA (Mock), a non-
targeting control siRNA (Control siRNA), or a cofilin-specific siRNA
(Cofilin siRNA). Cell lysates were analyzed by immunoblotting with
a polyclonal cofilin antiserum. Afterwards, blots were reprobed with
an antiserum detecting b-tubulin. Blots were quantified by densitom-
etry, cofilin levels of mock-transfected cells were set as 1, and all other
values were expressed relative to them. Shown are the mean values of
six independent experiments ± SE.
(D) Cells were pretreated as in (C) (bars 1–3). Then, cells transfected
with the cofilin siRNA were either not retransfected (bar 3) or retrans-
fected with the empty FLAG-vector (bar 4), FLAG-tagged WT-cofilin
(bar 5), or cofilin cysteine mutants (bars 6–8). Cells were fixed, per-
meabilized, and stained with a FLAG-specific monoclonal antibody
followed by a PE-labeled secondary antibody and phalloidin-FITC to
detect F-actin. Cells were then subjected to flow cytometry. For re-
transfected cells, only FLAG-positive cells were analyzed. F-actin
amounts of mock-transfected cells were set as 1 and all other values
were expressed relative to them. Shown are the mean values of three
independent experiments ± SE (**p < 0.01).
(E) Cells were treated as above and then costimulated by CD3+CD28
antibodies for 6 hr, fixed, permeabilized, and stained with a FITC-la-
beled FLAG-specific monoclonal antibody and a PE-labeled mono-
clonal CD69 antibody. Cells were then subjected to flow cytometry.
For retransfected cells, only FLAG-positive cells were analyzed.
Shown are the mean values of three independent experiments ± SE
(*p < 0.05; **p < 0.01).Immunity 29, 404–413, September 19, 2008 ª2008 Elsevier Inc. 411
Immunity
Oxidation of Cofilin Mediates T Cell Suppression0.2 mM CaCl2) at a concentration of 2 mg/ml. Actin polymerization was initi-
ated by the addition of 1/10 of actin polymerization buffer (500 mM KCl,
20 mM MgCl2, 10 mM ATP) and carried out for 60 min at room temperature.
Human recombinant cofilin 1 (5 mg/ml; Cytoskeleton) was incubated either
with 1 mM DTT or with 50 mM H2O2 for 30 min at room temperature. To assay
F-actin depolymerization, 5 mg of either reduced or oxidized cofilin was incu-
bated with 10 mg of F-actin in a total volume of 200 ml of 10 mM Tris-Cl
[pH 8.0] for 30 min at 30C. F-actin was pelleted by centrifugation for 60 min
at 100,000 3 g at 20C. Supernatant and pellet were subjected to SDS-
PAGE. Gels were stained with Coomassie blue and the distribution of actin
and cofilin in the supernatant and pellet was determined by densitometry.
Mass Spectrometry
For mass spectrometry, recombinant human cofilin (5 mg/ml Cytoskeleton)
was either left untreated or incubated with H2O2 for 90 min at 37
C and ana-
lyzed with an ion trap mass spectrometer with an electrospray ion source
(ESI-MS). To generate peptides, samples were digested with the endoprotei-
nase Lys-C (Roche) for 18 hr at 37C. Peptides were analyzed bymatrix-assis-
ted laser desorption-ionization time-of-flight tandem mass spectrometry
(MALDI-TOF MS/MS). All mass spectrometry analyses were done at the pro-
teomics core facility of the Zentrum fu¨r Molekulare Biologie Heidelberg
(ZMBH) according to standard procedures.
Immunological Synapse Formation
Immunological synapses were induced essentially as described (Eibert et al.,
2004; Wabnitz et al., 2007). In brief, PBT were mixed 1:2 with superantigen-
loaded Raji B cells and incubated for 45 min on adhesion slides (Marienfeld,
Lauda-Ko¨nigshofen, Germany). Conjugates were analyzed by immunofluores-
cence staining and confocal laser scanning microscopy with a Leica DMRBE
TCSNT or by an ImageStream IS100 (Amnis Corp., Seattle, WA). The following
antibodies were used: biotinylated mouse anti-CD3 (BD Bioscience) plus
Texas-red conjugated streptavidin (Dianova), FITC-labeled mouse anti-CD18
(BD Bioscience), and a polyclonal cofilin antiserum (produced in our own lab-
oratory) plus goat anti-rabbit Cy5 (Amersham Bioscience).
Detection of F-Actin in T Cells by Flow Cytometry
To assay F-actin polymerization, cells were stimulated for the indicated time
points. Cells were immediately fixed in 4% PFA (paraformaldehyde) in PBS
for 10 min at 37C and permeabilized with 0.3% Triton X-100 in PBS for
10 min at room temperature. F-actin was stained with FITC-labeled phalloidin
(Sigma) in FACS buffer (PBS, 5% FCS, 0.5% BSA), and cells were washed in
FACS buffer and subsequently analyzed by flow cytometry.
Statistics
Data were analyzed with the GraphPad Prism 4.0 software and the probability
of differences was assessed via one-way ANOVA with a Bonferroni post-test
or via a paired t test.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and four
figures and can be found with this article online at http://www.immunity.
com/cgi/content/full/29/3/404/DC1/.
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